The transcription factor, Vnd, is a dual regulator that specifies ventral neuroblast identity in Drosophila by both repressing and activating target genes. Vnd and its homologues have a conserved amino acid sequence, the Nk-2 box or Nk specific domain, as well a conserved DNA-binding homeodomain and an EhI-type Groucho interaction domain. However, the function of the conserved Nk-2 box has not been fully defined. To explore its function, we deleted the Nk-2 box and compared the regulatory activity of mutant Vnd in transgenic over-expression assays to that of the wild-type protein. We were unable to assign regulatory activity to the Nk-2 box using an over-expression assay, because the mutant protein activated expression of endogenous Vnd, masking a requirement for the Nk-2 box. However, in transgenic rescue assays, Vnd lacking the Nk-2 box repressed ind expression at 30% lower levels than the wild-type protein. Moreover, in transient transfection assays using Gal4 DNA-binding domain-Vnd chimeras, the repression activity of Vnd lacking the Nk-2 box was compromised. Because Vnd represses target gene expression in conjunction with Groucho, we asked whether the Nk-2 box affects Vnd's ability to interact with this co-repressor. Vnd lacking the Nk-2 box binds Groucho 30% less efficiently than wild-type Vnd in co-immunoprecipitations. These data suggest that the Nk-2 box contributes to the repression activity of Vnd by stabilizing its interaction with the co-repressor, Groucho.
Introduction
Transcription factors encoded by Nk-class homeobox genes are classified independent of those encoded by Antennapedia-type homeobox genes based on the presence of a tyrosine residue at position 54 in the DNA-binding homeodomain (Kim and Nirenberg, 1989) . Nk-class homeodomain proteins also have a common Eh1 domain, which interacts with the co-repressor, Groucho (Muhr et al., 2001; Cowden and Levine, 2003) . In addition, a conserved 18 amino acid sequence, the Nk-2-specific domain (sd) or Nk-2 box, is present at the carboxyl terminal of the Nk2-type proteins, downstream of the homeodomain (Kim and Nirenberg, 1989) . Previous transient transfection studies implicated the Nk-2 box in interfering with the activation capacity of Nkx2.2 (Watada et al., 2000) . In contrast, studies in Drosophila embryos failed to identify a regulatory activity associated with this domain (Koizumi et al., 2003) . However, genotyping of patients with the congenital heart defect, tetralogy of Fallot, identified amino acid mutations in the Nk-2 box of Nkx2.5 (Goldmuntz et al., 2001) , implicating this domain in a key regulatory activity of this transcription factor.
The Drosophila Nk-2 type gene, vnd, is the founding member of the evolutionarily conserved Nk-2 class of homeobox genes (Kim and Nirenberg, 1989) that is required for the formation and specification of ventral neuroblasts in the embryonic CNS (Skeath et al., 1994; Chu et al., 1998; McDonald et al., 1998) . Vnd is a dual regulator capable of repressing the expression of genes that specify the identity of neuroectodermal cells in more lateral regions of the developing CNS, such as intermediate neuroblasts defective (ind) and muscle specific homeobox gene (msh), and activating genes, such as the proneural gene, achaete (Skeath et al., 1994; McDonald et al., 1998; Weiss et al., 1998; Cowden and Levine, 2003) . Indeed, we (Yu et al., 2005) and Stepchenko and Nirenberg (2004) recently showed that Vnd has redundant repression and activation in transient transfection assays, but the Nk-2 box alone had minimal effects on reporter expression. Vnd co-operates with the HMG protein, Dichaete, in embryos to activate target gene expression (Zhao and Skeath, 2002; Overton et al., 2002) , while Groucho is required for Vnd repressor activity (Cowden and Levine, 2003) . Surprisingly, the last 200 amino acids of Vnd, which includes the homeodomain, the Nk-2 box, and a carboxyl terminal activation domain, are required for both Dichaete and Groucho binding in vitro (Yu et al., 2005) . However, the role of the Nk-2 box in Vnd regulation remains undefined.
Here, we assess the function of the conserved Nk-2 box in transgenic embryos, as well as in transient transfection assays. We compared the effects of over-expressing vnd lacking the Nk-2 box to those of wild-type vnd in transgenic over-expression assays. In agreement with the findings of Koizumi et al. (2003) , no requirement for the Nk-2 box was identified using this approach, because the mutant protein activates endogenous Vnd expression, which masks the requirement for the Nk-2 box. However, the capacity of the mutant transgene to repress ind target gene expression was reduced in rescue experiments relative to wild-type Vnd. Moreover, in a heterologous transfection assay, the repression capacity of Vnd was weakened when the Nk-2 box was deleted. Co-immunoprecipitation analyses further indicated that Vnd's ability to interact with Groucho was compromised when the Nk-2 box is deleted, relative to the wild-type protein. These results suggest that the Nk-2 box contributes to the repression activity of Vnd by stabilizing the interaction of Groucho with this transcription factor. Fig. 1 shows the sequence of the Nk-2 box of Vnd that has a highly conserved hydrophobic core sequence, VAVPVLV, with a central proline that prevents helix formation, which is flanked by basic amino acids. Alignment of this domain with those from various NK2 family members highlights its conservation throughout evolution. The Nk-2 box is conserved in NK2-type proteins involved in CNS specification, including Scarecrow, a CNS-specific Vnd homologue. In contrast, the Drosophila NK proteins, Tinman and Bagpipe, lack an Nk-2 box. However, the Nk-2 box is present in the Tinman homologue in Lamprey, as well as in Nkx2.5 in higher vertebrates. Thus, the Nk-2 box is found in NK2-type proteins involved in CNS specification and in those involved in cardiogenesis in vertebrates. The conserved hydrophobic core is essential to the regulatory activity of the Nk-2 box (Watada et al., 2000) ; the alignment shown in Fig. 1 indicates that no amino acid substitutions occur within the central VAVPVLV sequence. The most common substitution is an arginine (R) substitution for aspartic acid (D) at the C-terminal side of the hydrophobic core that is seen in Vnd from beetle (Wheeler et al., 2005) and in zebrafish Nkx2.2 (Barth and Wilson, 1995) . However, computer predictions suggest that this substitution does not affect the hydrophobicity of the core domain.
Results

Conservation of the Nk-2 box
2.2. Ectopic Vnd lacking the Nk-2 box can repress and activate gene expression in the neuroectoderm, mimicking the effects of ectopic wild-type vnd
In the ventral neuroectoderm, vnd activates the expression of proneural genes in a subset of neuroblasts (Skeath et al., 1994) , and also specifies the identities of ventral neuroblasts (McDonald et al., 1998 : Chu et al., 1998 . Using the UAS-Gal4 system, we compared the abilities of wild-type vnd (vnd WT ) and vnd lacking the Nk-2 box (vnd DNk-2 ) to repress or activate targets in the neuroectoderm using Kruppel-Gal4 to direct transgene over-expression (Cowden and Levine, 2003; Fig. 2) . The targets we examined were ind, a direct repression target of vnd (McDonald et al., 1998) , and achaete, a proneural gene that is activated by vnd (Skeath et al., 1994) . In the ventral cord, ind is normally expressed in an intermediate column of neuroectodermal cells from stage 5 to stage 11 of embryonic development (e.g. Fig. 2D ), in cells that are located directly adjacent to the vnd expression domain ( Fig. 2A) . When either vnd WT or vnd DNk-2 were ectopically expressed in an anterior-posteriorly restricted fashion (Fig. 1B and C) , ind was repressed in the intermediate column ( Fig. 2E and  F) . Likewise, achaete expression was ectopically activated in the intermediate column when vnd DNk-2 was over-expressed in the Kruppel domain. At stage 8, achaete is normally expressed in two pairs of proneural clusters per hemi-segment, one ventral and one lateral (Fig. 2J) . Ectopic expression of vnd WT or vnd DNk-2 resulted in ectopic achaete expression in intermediate column cells (Figs. 2K and 1L) . These results verify those of Koizumi et al. (2003) , who also failed to assign a function for the Nk-2 box of vnd using a similar over-expression assay.
We also addressed whether the Nk-2 box is important for the cell fate specification function of vnd using Scabrous Gal4 to direct transgene over-expression, since this driver directs ectopic vnd expression throughout the neuroectoderm from stage 10 onwards. The distribution of a panel of neuroblast and neuronal markers was compared in embryos over-expressing the wild-type and mutant transgenes. We previously reported that activation of Nk6 (now renamed Nkx6; Broihier et al., 2004) in the head neuroectoderm depends on vnd (Uhler et al., 2002) . In contrast to the effect of Vnd on Nkx6 in the head neuroectoderm, over-expression of vnd in the ventral neuroectoderm causes a down-regulation of Nkx6 expression (Broihier et al., 2004; Fig. 3E) . Likewise, over-expression of either vnd WT or vnd DNk-2 resulted in down-regulation of Nkx6 expression in ventral neuroblasts, and its up-regulation in the brain ( Fig. 2E and F) . We also found that over-expression of both transgenes disrupted the normal axon scaffold pattern ( Fig. 3G-I) , resulted in over-specification of Even-skipped (Eve) expressing aCC/pCC neurons ( Fig. 3J-L) , and caused a disruption in Fasciclin (Fas) II expressing longitudinal fascicles (Fig. 3M-O) . Thus, over-expression of the vnd DNk-2 transgene generates an over-expression phenotype that mimics that of the wild-type gene at all stages of development.
Ectopic vnd activates expression of endogenous vnd
A difficulty in using ectopic expression assays to study protein sub-domains is that the endogenous protein is still present and functional. Vnd auto-activates its own expression (Saunders et al., 1998; Cowden and Levine, 2003) . If ectopically expressed vnd DNk-2 can activate endogenous vnd expression, the wild-type protein could mask the regulatory requirement of the Nk-2 
box in vnd
DNk-2 . To test this possibility, we hybridized embryos that over-express vnd DNk-2 in the Kruppel domain with a 3 0 UTR probe to endogenous vnd that maps downstream of the vnd transgenes. In stage 6 embryos, vnd expression is normally restricted to bilateral dorso-ventral stripes of ventral neuroectodermal cells (see Fig. 2 ). When vnd DNk-2 is over-expressed, ectopic endogenous vnd transcripts are detected in ectodermal cells corresponding to the domain of expression of the transgene. Expression is also detected in pair-rule stripes ( Fig. 4A) , suggesting regulation by unidentified pair-rule genes. This pattern parallels that previously reported by Cowden and Levine (2003) for wild-type vnd (data not shown). Once gastrulation is completed, endogenous vnd expression is restricted to the Kruppel domain when vnd DNk-2 is over-expressed (Fig. 4B) . Indeed, endogenous vnd transcripts are detected until early stage 10 (data not shown). Thus, over-expression of endogenous vnd masks the requirement for the Nk-2 box in the over-expression assay.
Vnd's Nk-2 box is required for the repression activity of Vnd in transgenic rescue assays and in heterologous transfections
To explore the role of the Nk-2 box further, we compared the ability of wild-type and mutant vnd to rescue the vnd mutant phenotype, as described by Chu et al. (1998) . To assess the relative abilities of vnd WT and vnd DNk-2 to substitute for native vnd function, we intro- duced the vnd transgenes into a vnd 6 mutant background. We again assayed the regulatory activity of the transgenes by monitoring the expression of ind and achaete, repression and activation targets of vnd (Skeath et al., 1994; Weiss et al., 1998) . At room temperature, both transgenes rescued the activation of achaete expression at 40-50% levels, n = 20 ( Fig. 5F and H) . However, the ability of mutant Vnd to rescue ind repression was compromised relative to the wild-type protein. Repression activity was scored by counting cells that express ind. vnd WT rescued repression of ind expression in an average of 80% of cells (n = 30, e.g. Fig. 5E ). Whereas, the repression activity of vnd DNk-2 averaged 50% (n = 25, e.g. Fig. 5G ). Note that the data presented is a comparison of transgenic lines that express equally strong levels of either wild-type or mutant vnd. All the pUAST-vnd WT lines currently available are strong expressors. Whereas, significant variability was seen in the level of mutant Vnd expressed in the different pUASTvnd DNk-lines we generated, which were typically lower than that shown for the line presented (data not shown). These lines skewed the affects of the mutation, so the capacity of vnd lacking the Nk-2 box to repress ind appeared artifactually weaker (data not shown). However, our data suggest that the Nk-2 box is involved in Vnd's repression activity in embryos.
We also explored the requirement for the Nk-2 box in heterologous transfection assays. We compared the ability of Vnd wt and Vnd DNk-2 fused to the Gal4 DNA-binding domain (DBD) to modulate expression of a reporter under the control of the Gal4 UAS, as previously described (Yu et al., 2005) . The Gal4 DBD recognizes the UAS upstream of the reporter, allowing the regulatory activity of peptides fused to this domain to be monitored. With the baseline level of reporter expression set at 1 for the Gal4 DBD alone, inclusion of wild-type full length Vnd caused a 6-fold repression of a Gal4-dependent reporter (Fig. 6C , panel 2) consistent with our previous reports (Yu et al., 2005) . Whereas, vnd DNk-2 produced a 4-fold repression (Fig. 6C,  panel 3) . Thus, removal of the Nk-2 box leads to a 33% reduction in repression. Hence, both the rescue assay in embryos and the heterologous transfection assay results argue that the Nk-2 box functions in Vnd-mediated repression. However, they do not address the molecular basis for this activity.
2.5. The ability of Vnd to bind the co-repressor, Groucho, is affected when the Nk-2 box is deleted Groucho interacts with Vnd via its Eh1 domain (Cowden and Levine, 2003) . However, the carboxyl terminal 200 amino acids of Vnd, which includes the homeodomain and sequences at its carboxyl terminus, also affect binding of Vnd to this co-repressor (Yu et al., 2005) . Since Vnd lacking the Nk-2 box is compromised in its capacity to repress target gene expression, this domain likely affects Vnd's ability to bind this co-repressor. To address this possibility, we performed co-immunoprecipitation analyses. Both mutant and wild-type Vnd were expressed as chimeras with the Gal4 DBD at the amino terminus, and immunoprecipitated from cells following transient expression using an antibody that recognizes the Gal4 DBD. The fusion proteins were tested for their ability to interact with Myc-tagged Groucho that was expressed in an independent transfection using equal amounts of cell lysate containing Groucho. As previously reported (Yu et al., 2005) , full length Vnd binds Groucho strongly (Fig. 6D, lane 2) , and there is no non-specific binding of Groucho to the agarose beads (Fig. 6D, lane 1) . The capacity of Vnd DNk-2 to interact with Groucho is reduced by 30% relative to the wild-type protein (Fig. 6, lane 3) . Thus, the affinity of mutant Vnd for Groucho is affected when the Nk-2 box is deleted. The Nk-2 box alone fused to Gal4 failed to bind Groucho (data not shown). However, steric issues may contribute to this observation, since the Nk-2 box is only 18 amino acids long. Nonetheless, both the transient transfection and the immunoprecipitation data suggest that the full requirement for the Nk-2 box depends on constructs that include the Eh1 domain. Potentially Vnd's secondary conformation is essential for this transcription factor's ability to tether Groucho efficiently. Thus, our data suggest that the Nk-2 box of Vnd stabilizes the interaction of Groucho with Vnd's Eh1 domain, which is essential for Groucho-dependent repression by Vnd in embryos (Cowden and Levine, 2003). 
(A). In stage 6 embryos that over-express vnd
DNk-2 , the endogenous gene is over-expressed not only in the Kruppel domain but also in pair-rule stripes, paralleling the pattern previously reported by Cowden and Levine (2003) 
for wild-type vnd (not shown). (B) In stage 9 vnd
DNk-2 embryos, endogenous vnd expression is restricted to the Kruppel domain.
Discussion
Here, we investigated the function of the evolutionarily conserved Nk-2 box, a domain that is unique to the Nk-2 class of homeodomain transcription factors, using Vnd in the developing fly CNS as a model. Our data indicate that the Nk-2 box strengthens the interaction of Vnd with the co-repressor, Groucho. Like Koizumi et al. (2003) , we found that over-expression of a vnd transgene lacking the Nk-2 box in Drosophila embryos generated a phenotype similar to when wild-type vnd was over-expressed. Endogenous vnd masked the requirement for the Nk-2 box, which highlights the limitations of over-expression assays in dissecting regulatory protein activity. However, we uncovered a requirement for the Nk-2 box in the repression activity of Vnd in rescue assays. Moreover, co-immunoprecipitation analyses indicate that the Nk-2 box stabilizes the interaction of this transcription factor with the co-repressor, Groucho.
The Nk-2 box modulates Vnd's ability to interact with the co-repressor, Groucho
The conserved Eh1 domain, characterized by the consensus amino acid sequence, FxIxxIL, is essential for the interaction of non Hairy-type transcription factors with the co-repressor, Groucho (Smith and Jaynes, 1996) . Cowden and Levine (2003) showed that a GST fusion protein including the candidate Vnd Eh1 domain pulled down Groucho, and mutation of this domain interfered with Vnd's capacity to repress reporter expression in transgenic embryos. The data presented here indicate that a secondary domain, the Nk-2 box, also modulates Vnd's capacity to interact with Groucho, since Vnd's interaction with this co-repressor was compromised when the Nk-2 box was deleted. The Nk-2 box deletion resulted in functional readouts including reduced ability to rescue the repression of ind expression in transgenic assays and reduced repression of reporter expression in a heterologous transfection assay.
The Nk-2 box is not the first intramolecular domain identified that modulates Groucho binding to a transcription factor. We previously reported that deletion of the carboxyl terminal of Vnd, including both the homeodomain and the Nk-2 box, interfered with Groucho binding to this transcription factor. However, the domain that was deleted was relatively large, covering 200 amino acids (Yu et al., 2005) . Winnier et al. (1999) found that the Eh1 domain of the Caenorhabditis elegans Unc-4 was insufficient for interaction with Unc-37, the worm Groucho. Mutant Unc-4 with the Eh1 domain intact, but lacking sequences amino terminal to the Eh1 domain, was deficient in in vivo repressor activity and failed to interact with Unc-37 in two hybrid interaction assays. The fact that a secondary domain, the Nk-2 box, is involved in modulating Groucho recruitment to the Eh1 domain is not altogether unexpected, because of the complexity of events that results from stable Groucho binding to Vnd-type transcription factors in the context of a target gene enhancer. These include the recruitment of repressosome components, the deacytlation of histones on target genes, chromatin condensation, and gene silencing, for reviews see Courey and Jia (2001) .
How dorsal functions as a dual regulator
Vnd is one of a number of transcription factors that functions as a dual function regulator. Of the dual-function transcription factors characterized, the ability of the Reltype transcription factor, Dorsal, to repress target gene expression is best understood. Dorsal activates genes in ventral regions and represses transcription of dorsal fatedetermining genes, in the early Drosophila embryo (Rusch and Levine, 1996) . Groucho is dispensable for Dorsal-directed activation, but is essential for Dorsal-mediated ventral repression (Dubnicoff et al., 1997) . Available evidence suggests that the context of a particular Dorsal-binding site determines whether Dorsal activates or represses target gene expression. Dorsal-dependent ventral silencers contain other elements that are required for Dorsal-dependent ventral repression in addition to Dorsal-binding sites (Kirov et al., 1996) . Mutagenesis of these additional elements [to which the transcription factors, Cut and Dead Ringer (Dri), bind] (Valentine et al., 1998) , converts Dorsal from a repressor into an activator. In vitro-binding assays indicate that Dri and Dorsal work together to recruit Groucho to the template synergistically (Valentine et al., 1998) . While Dorsal-mediated repression requires The Gal4 DBD binds its target upstream of the firefly luciferase reporter, giving a readout firefly luciferase activity, which is corrected for transfection efficiency using Renilla luciferase that is also expressed from the pBind expression vector (Promega). The corrected baseline level of reporter expression is set at 1-fold (see C, lane 1). Vnd sequences fused to the Gal4 DBD modulate firefly luciferase reporter expression, which is expressed as fold repression (see C, lanes 2 and 3). (C) Expression of the Gal4 DBD causes 1-fold or 100% expression. Full length Vnd fused to the Gal4 DBD causes 6.5-fold repression or 15.4% of the baseline level of reporter expression (lane 2), which is reduced by a third when the Nk-2 box is deleted ( Groucho, Dorsal-mediated activation depends on the co-activators, CBP (CREB-binding protein) and/or certain TAFs (TBP-associated factors) (Akimaru et al., 1997) .
The conflicting abilities of Vnd to both activate and repress target gene expression are in part modulated by Vnd's selective interaction with the co-activator, Dichaete, and the co-repressor, Groucho. Surprisingly, Vnd's two activation domains map directly at the carboxyl side of the Eh1 domain and the Nk-2 box that mediate repression (Yu et al., 2005) . The significance of the positioning of domains with opposite affects adjacent to each other is currently not well understood. Vnd's secondary structure likely affects its interaction with Groucho, since the Eh1 domain and the Nk-2 box are at opposite ends of Vnd, separated by over 400 amino acids. Further analyses of Vnd mutant protein function in vivo and further characterization of vnd-dependent enhancers will help clarify which intramolecular interactions facilitate Vnd interacting with co-regulators that mediate opposite effects on target gene expression.
Materials and methods
Construction of mutant vnd lacking the Nk-2 box
Fragments 5 0 and 3 0 of the Nk-2 box were generated by PCR using the following primers: 5 prime of Nk-2 box, +primer: 5 0 -ATCAAA CAGTGGTTCCCC-3 0 (bp 308 in vnd cDNA; open reading frame starts at 320 bp), Àprimer: 5 0 -GAGCTCCGATGGCAGGGCAC-3 0 (2531 bp), 3 prime of Nk-2 box, +primer: 5 0 -GAGCTCTTGGGCGATAGTTCC-3 0 (2280 bp) Àprimer: 5 0 -ATCGATATCTGGAGGC GTGGTCTTC TGGCTC-3 0 (2590 bp). The two fragments were ligated to pBluescript using the SacI sites that were included in the primers. This vnd construct, lacking the Nk-2 box is abbreviated vnd DNk.2 , and was cloned into the pUAST vector (Brand and Perrimon, 1993) . Generation of the wild-type pUAST vnd construct has been described previously (McDonald et al., 1998) . For cell culture studies, vnd DNk-2 was ligated to the pBind (Promega) mammalian expression vector. The generation of wild-type vnd in pBind has previously been described (Yu et al., 2005) . pBind encodes the Gal-4 DNA-binding domain (DBD) under the control of the CMV promoter and Renilla luciferase. Constructs were sequenced to confirm their identity. The CS2-groucho vector, encoding fly Groucho with an N-terminal Myc tag, was a kind gift from Susan Parkhurst. The pG5Luc reporter vector (Promega) encodes firefly luciferase downstream of five Gal4-binding sites.
Cell culture, transfections and luciferase assays
Hek 293 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum and 1% penicillin/streptomycin. For transient transfections, cells were plated at 5 · 10 5 cells/ml in 6-well plates and transfected the next day with Fugene-6 (Roche). Cells were harvested %48 h post-transfection and luciferase activity was measured using the Dual Luciferase Kit (Promega), according to the manufacturer's instructions. For each transfection, 1.5 lg of DNA was transfected per well. The pG5luc reporter vector (Promega) and vnd-pBind expression vectors were added at a molar ratio of 1:1; pG5luc was constant at 0.32 lg. The pGEM3Z vector (Promega) was added to bring the final DNA amount to 1.5 lg. The pBind vector encodes Renilla luciferase, which was used to standardize transfection efficiencies. Transfections were performed in triplicate in two independent experiments to give a total of six experiments per construct. Results are expressed as mean values ± the standard error of the mean (SEM).
Fly stocks, germline transformation, crosses, and embryo scoring
The white line was used for wild-type analysis and the vnd 6 allele was used for mutant vnd studies. The Scabrous-Gal4 line was used to drive expression of UAS effectors in the neuroectoderm. The Kruppel Gal4 line (Cowden and Levine, 2003) was used to drive expression of UAS lines in the Kruppel domain (T2-A4 segments). pUAST -vnd (pUAST-vnd WT ) was used for over expression of wild type vnd (McDonald et al., 1998) . The pUAST-vnd DNk-2 construct was co-injected with pPi25.7 wc DNA into white embryos as described by Spradling (1986) . Five independent pUAST-vnd
DNk-2 lines were tested to identify the relative strengths of the insertions. The strongest line that expressed at levels comparable to the pUAST -vnd line was used for the analyses presented. To express the vnd transgenes in the vnd mutant background, the Kruppel Gal4 chromosome was crossed into the vnd 6 mutant background. The vnd 6 mutant embryos were unambiguously identified by the absence of b-galactosidase, encoded by the FM7 balancer chromosome. vnd 6 embryos that over-expressed either transgene were scored based on the number of cells that expressed the target gene.
In situ hybridization and immunostaining
Immunostaining of whole-mount embryos was performed as described previously (Mellerick and Modica, 2002) , except 4% formaldehyde-PBS was used for embryo fixation. The following primary antibodies were used: MAb anti-BP102, 1:10 (Patel, 1994) , MAb antiFasciclin II, 1:10 (Patel, 1994) , MAb anti-22C10, 1:10 (Goodman et al., 1984) , rat anti-Even-skipped, 1:2000 (Frasch et al., 1987) , affinity-purified rabbit anti-Vnd, 1:10 (McDonald et al., 1998). The ABC elite kit (Vectastain) was used to detect antibody binding using DAB as the chromagen. In situ hybridizations on embryos were performed with minor modifications as described in Lehmann and Tautz, 1994) . Digoxigenin-labeled antisense riboprobes were made to detect Nkx6, achaete and ind. The Nkx6 probe has been described previously (Uhler et al., 2002) . ind and achaete riboprobes were generated from full length cDNA containing plasmids following linearisation with ClaI (ind) and XmlI (achaete) The vnd 3 0 UTR probe was a 300 bp PCR product, and maps outside the transgene. Probes larger than 500 bp were hydrolyzed with alkali according to Roche.
Co-immunoprecipitation of Gal4-Vnd chimeras with Myc tagged Groucho
Immunoprecipitations were performed as described in Yu et al. (2005) with minor modifications. One hundred millimeter dishes containing Hek-293 cells were independently transfected with 6 lg of pBind, pBind-vnd wt , pBind-vnd or with 6 lg CS2-groucho using 18 ll of Fugene. Cell lysates were prepared 48 h after transfection using immunoprecipitation (IP) buffer (50 mM Hepes, 150 mM NaCl, and proteinase inhibitor cocktail (Roche) containing 0.5% NP-40). Wild-type and mutant Vnd-Gal4 DNA-binding domain chimeras were precipitated from cell lysates using an antibody that recognizes the Gal4 DNA-binding domain (Santa Cruz Biotechnology) rotating overnight at 4°C. The Gal4 DNA-binding domain alone was also precipitated to monitor non-specific binding of protein to beads. Following incubation with protein A/G PLUS agarose at 4°C for 2 h, beads were precipitated by centrifugation, and washed three times with IP buffer. Then, beads were incubated with equal amounts of cell lysate containing Myc-tagged Groucho rotating for 2 h at 4°C, precipitated by centrifugation, and washed three times with IP buffer. Immunoprecipitates were separated by SDS-PAGE, transferred to Immobilon-P (Millipore), and Western blotted. Duplicate blots were incubated with anti-Myc antibody (BD-Biosciences) to detect the Myc-tagged Groucho, or the Gal4-specific antibody (Santa Cruz Biotechnology) to detect Gal4-Vnd chimeras. Binding of peroxidase-conjugated secondary antibodies was detected by chemiluminescence, using the Lightning kit (Perkin-Elmer).
